Abstract: Non-alcoholic fatty liver disease (NAFLD) is a broad term that includes liver diseases characterized by abnormal hepatocellular accumulations of lipid that cannot be related to alcohol abuse. It may be found in both adults and children, particularly those who are obese or have insulin resistance. Steatohepatitis is a specific pattern of injury within the spectrum of NAFLD and this pattern is associated with fibrotic progression and cirrhosis. In addition to steatohepatitis, a distinct form of fibrotic fatty liver disease exists in children. There have been a number of recent advances in the characterization of histologic changes in NAFLD. In light of these recent reports, this study will:
N
umerous publications have highlighted a global epidemic of obesity, which not only affects the Western world, but is also evident in rapidly developing countries. 1, 2 Obesity used to be a disease mainly of adults; however, it is now recognized to be a major problem in children as well. Concerns have been raised about the rising incidence of obesity coupled with its major comorbidities: cardiovascular events and diabetes. 3 Obesity in children is also associated with poor health outcomes, including early onset of diabetes and hypertension.
The major manifestation of obesity in the liver is nonalcoholic fatty liver disease (NAFLD). 4 This may be clinically silent or present with altered liver enzymes, vague upper right quadrant abdominal symptoms, or significant malaise. Although a plethora of noninvasive tests for diagnosing NAFLD have emerged in recent years, the gold standard for assessing all aspects of this complex disease remains the liver biopsy. Liver biopsy cannot be used as a screening tool and therefore, general population prevalence studies have used imaging and/or serological tests to assess NAFLD.
Histopathologically, NAFLD encompasses a spectrum ranging from isolated steatosis, steatohepatitis, and progressive forms to cirrhosis. Clinically significant steatosis is defined as abnormal lipid deposition in hepatocytes (>5% hepatocytes or liver weight) in the absence of excess alcohol intake. Recent studies suggest that hepatic steatosis is present in more than 60% of obese and 90% of morbidly obese adults. 5, 6 Nonalcoholic steatohepatitis (NASH) is defined as a particular pattern of injury with steatosis, hepatocellular ballooning, and inflammation. Approximately 2% to 3% of the general population is estimated to have NASH. 7 Among patients with metabolic syndrome (Box 1), the prevalence of NASH was 74%. The progression of steatosis to NASH is estimated to be 19% in obese and 50% in morbidly obese adults. 6 Subsequent progression to liver fibrosis or cirrhosis occurs in approximately 40% of obese adults. 8 
Box 1
At least 3 organizations have recommended clinical criteria for the diagnosis of the metabolic syndrome. These are the National Cholesterol Education Program, 9 World Health Organization, 10 and The prevalence of pediatric NAFLD is unknown. Indirect data such as the National Health and Nutrition Examination Survey study suggest that 8% of United States adolescents (12 to 19 y) have unexplained elevated alanine aminotransferase. 13 A population-based autopsy series of 742 children in San Diego demonstrated a prevalence of NAFLD to be 9.6% overall, with up to 17% among adolescents. 14 The prevalence of the disease is increased among obese patients. NAFLD is reported to affect 20% of obese children and adolescents from the United States. 15 In the largest two studies of biopsy-proven NAFLD described in the literature, 16, 17 NASH was diagnosed in 84% and 68%, respectively.
The increased prevalence of obesity and the availability of therapies directed against NASH 18 increases the likelihood that pathologists will evaluate liver biopsies that demonstrate the morphologic changes of NAFLD.
HISTOLOGIC FEATURES OF STEATOSIS IN ADULTS
Steatosis is a necessary component for the diagnosis of both NAFLD and NASH. It is defined as macrovesicular or microvesicular triglyceride accumulation involving at least 5% of hepatocytes. In macrovesicular steatosis, a single large droplet displaces the cytoplasmic contents and the nucleus to the periphery of the cell. Hepatocytes with macrovesicular steatosis may also contain smaller droplets in a ring formation around the larger one or several small droplets without a larger droplet (Fig. 1A) . True microvesicular steatosis imparts a foamy appearance to the cytoplasm from the innumerable tiny vacuoles, and usually indents the centrally retained nucleus (Fig. 1B) . In NAFLD, microvesicular steatosis may be present as single cells or patches of contiguous hepatocytes. Megamitochondria are often seen within these patches (Fig. 1C) . A unifying hypothesis explaining the association of megamitochondria and microvesicular steatosis might be the abnormal oxidative ability of the cell reflected by megamitochondria resulting in oxidative injury of the cell in the form of microvesicular steatosis and disruption of the cytoskeleton as seen by ballooning cell changes and Mallory Denk bodies (MDB) (Fig. 1D) . 19 Microvesicular steatosis is seen in 10% of liver biopsies obtained from patients with NAFLD. This form of steatosis has been shown to correlate with more advanced histologic features of NAFLD that is, higher grade of steatosis, ballooning cell injury, and more fibrosis. 19 In contrast, the severity of macrosteatosis is related to lobular inflammation but not to other components of NASH histology such as ballooning, MDB, or fibrosis. 20 
HISTOLOGIC FEATURES OF STEATOHEPATITIS IN ADULTS
Steatohepatitis is a histologic pattern of hepatic injury characterized by steatosis, inflammation, hepatocellular ballooning, and fibrosis. The initial injury in adults is usually in the perivenular (zone 3) portion of the hepatic acinus, which is least oxygenated and most prone to damage by oxidizing free radicals.
The key to histologic diagnosis is identification of hepatocyte injury, which is characterized by ballooned hepatocytes (Fig. 1D ). This alteration is characterized by the presence of enlarged hepatocytes with a characteristic flocculent or irregularly clumped appearance to the cytoplasm. There may or may not be residual fat droplets within these cells. In addition, MDB may or may not be present.
As ballooning is central to the distinction between steatosis and steatohepatitis, efforts to analyze it have included immunohistochemical and ultrastructural studies. Immunohistochemical studies have shown differential expression of keratins and lipid droplet associated proteins. The 2 hepatocyte keratins, K8 and K18 are disrupted and no longer present throughout the cytoplasm of ballooned hepatocytes; rather they are dispersed to the periphery. This has been proposed as an objective marker for the histologic recognition of ballooning cell injury. 21 Recent studies highlight the altered expression of lipid droplet associated proteins perilipin 1 and 2 (but not perilipin 3), and immunohistologic colocalization of oxidized phosphatidylcholine in ballooned hepatocytes. 22, 23 These two new findings have not been investigated further and their diagnostic use is therefore unknown at this time. Ultrastructural study of ballooned cells demonstrated the presence of lipid droplets in hepatocytes that were larger than 20 m. 24 On account of the difficulty in identifying ballooned cells in ultrastructural preparations, it is unlikely that this feature is useful on routine basis.
Inflammation is present to a variable degree and is usually more prominent in the lobule than the portal area (zone 3). The inflammatory cells are most often lymphocytes, but may include neutrophils, eosinophils, and/or activated Kuppfer cells. Neutrophils may accumulate around hepatocytes (satellitosis) that contain MDB. Apoptotic hepatocytes (acidophil bodies), cleared hepatocyte nuclei filled with glycogen, nonanatomically distributed "patches" of hepatocytes with true microvesicular steatosis may also be seen. As noted above, cells with true microvesicular steatosis may harbor megamitochondria; however, megamitochondria may also be seen in ballooned hepatocytes and within hepatocytes that are otherwise unremarkable.
The effector cells of the innate immune system residing in the liver react by forming clusters of Kuppfer cells (microgranulomas) (Fig. 2A) . The increase in Kupffer cell aggregates is associated with their migratory shift from their normal position in zone 1 (periportal) to zone 3 (perivenular). 25 Lipogranulomas are aggregates of macrophages containing lipid droplets. They may be seen in perivenular, lobular, or portal areas. They are often associated with local fibrosis and lipogranuloma-associated fibrosis should not be considered as part of the fibrosis of steatohepatitis (Fig. 2B) .
Portal chronic inflammation is generally mild in steatohepatitis in comparison with that seen in chronic hepatitis. A NASH Central Research Network (NASH CRN) biopsy study focused on the relationship of portal inflammation to other histologic, demographic, and laboratory features. 26 There was strong correlation between increased portal inflammation and the stage of liver disease and the presence of ballooning cell changes. There was no association between portal fibrosis and degree of lobular inflammation, alanine transaminase, or autoimmune markers (anti nuclear antibodies and anti smooth muscle antibodies). Clinically, portal inflammation was mainly associated with parameters of insulin resistance (obesity, homeostatic model assessment of insulin resistance, insulin levels, and medications used for diabetes). Although the mechanism invoked for the presence of lobular inflammation is hypoxic oxidative injury, the mechanism underlying the presence of portal tract chronic inflammation is not known. Of note is that increased portal inflammation in adults may also follow therapy with glitazones. When moderate or marked inflammation is seen, it is prudent to consider the presence of other concurrent diseases such as chronic hepatitis, autoimmune hepatitis, and chronic cholestatic disease before attributing the portal inflammation solely to steatohepatitis. Large biopsy series have histologic evidence of concurrent steatohepatitis in up to 5% of patients with a serologically diagnosed liver disease such as chronic hepatitis C, autoimmune liver disease, or primary biliary cirrhosis. 27, 28 Infection with hepatitis C virus genotype 3 is characterized by hepatic steatosis and may be confused with NASH unless the specific features of NASH are seen.
The pattern of fibrosis in steatohepatitis is distinctive and can be very helpful in making the diagnosis of steatohepatitis. The fibrosis is perisinusoidal in distribution and usually begins or is more prominent in zone 3. It may be delicate and visualized only with the aid of special stains, or may be dense and evident on routine stains (Fig. 2C) . With progression, linkage of vascular structures results in bridging fibrosis and remodeling of the hepatic parenchyma, which finally results in cirrhosis. There is general agreement that progression of fibrosis in adult NASH begins with perisinusoidal fibrosis followed by other patterns. Portal fibrosis may develop with progression and is often seen in the presence of pericellular fibrosis. With development of bridging fibrosis and cirrhosis, pericellular fibrosis may be lost. A recent study has shown that elastic fibers (connoting maturity of collagen deposits) are present in the bridging and cirrhotic phases and may be useful in deriving stage in questionable cases. 29 Of interest is that dense perisinusoidal fibrosis referred to as hepatosclerosis may occur in type 1 diabetics. This pattern is not associated with steatosis or necroinflammatory activity. 30 The factors involved in hepatic fibrogenesis are being elucidated. A major focus has been on the reaction of the lobular stellate cells and hepatic progenitor cells to chronic inflammatory stimulus. Activation of the stellate cells leads to pericellular fibrosis. The hepatic progenitor cells are activated and proliferate in the setting of chronic hepatocyte injury and are associated with ductular reaction and periportal fibrosis. There is evidence of epithelial to mesenchymal transition of ductular cells by activation of the hedgehog pathway, a process by which mature epithelial cells differentiate into cells with a mesenchymal phenotype. 31 The degree of ductular reaction is correlated with the grade of NASH activity, the degree of fibrosis, and the extent of primary hepatocyte replicative arrest, which are in turn correlated with insulin resistance. 32 In multivariate analysis, fibrosis was associated independently with ductular reaction, hepatocyte ballooning, and portal inflammation.
Increased hepatic iron may also have a role in the development of NASH. Insulin resistance is associated with increased hepatic iron levels 33 ; improved glycemic control is associated with improvements in serum ferritin and hepatic iron concentrations 34 ; increased parenchymal hepatic iron concentration in NASH seems to correlate with the severity of fibrosis. 35 The specific mechanism by which hepatic iron may contribute to necroinflammation is unknown, but may be related to the generation of free oxygen radical species that occurs in the process of reduction of Fe 3+ to Fe 2+ . 36 Still unexplained is the observation that homozygosity for hemochromatosis gene mutation does not seem to confer an increased risk for the development of NAFLD. 37 Furthermore, the clinical significance of iron overload in NASH with respect to clinically relevant endpoints is unclear. In an unselected cohort of 65 patients with NASH, iron accumulation was not associated with increased overall mortality, liver related mortality, or development of cirrhosis. 38 A recent publication showed that patients with the reticuloendothelial system (RES) iron-staining pattern were more likely to have advanced fibrosis compared with those with hepatocellular iron. Patients with RES iron were also more likely to have advanced histologic features such as fibrosis, portal inflammation, ballooning, and definite steatohepatitis compared with patients with hepatocellular or mixed iron patterns. The presence of RES iron was independently associated with advanced hepatic fibrosis on multiple regression analysis after adjustments for age, sex, diabetes status, and body mass index. 39 In summary, the key pathologic features of steatohepatitis in adults are zone 3 centered hepatocellular injury with ballooning cell changes. Steatosis and inflammation are present but variable in degree. MDB and pericellular fibrosis are very useful in diagnosis; however, they are not required if zone 3 injury (ballooning changes) is definitely demonstrated.
PEDIATRIC FATTY LIVER DISEASE
As in adults, NAFLD comprises a spectrum of diseases ranging from isolated hepatic steatosis, hepatocellular injury with necroinflammation and fibrosis (NASH), and finally cirrhosis.
Isolated steatosis in children is similar to adult steatosis with the most common form in both being macrovesicular steatosis. Histologic criteria for differentiating NAFLD from NASH in pediatric cases are the same as the criteria for adults. However, there is a lesser degree of interobserver agreement over pediatric than adult interpretations of NAFLD. 40 This is partly because ballooning degeneration, MDB, and classic zone 3 fibrosis are less common in children with definite NASH. In addition, there is a separate distinctive pattern of NAFLD with fibrosis that is seen almost exclusively in children that complicates interpretation of biopsies.
An evaluation of 100 pediatric NAFLD biopsy samples 17 and subsequent cluster analysis of lesions identified 2 types of NAFLD patterns. Type 1, the adult NASH pattern, was more common in girls and comprised 17% of the total. Type 2 was found in 51% of the children and showed panacinar steatosis or accentuation of periportal steatosis (zone 1), absent to minimal hepatocellular ballooning with or without portal inflammation, and fibrosis. Boys outnumbered girls in this category. In 16% of patients, there was an overlap of type 1 and 2 and isolated steatosis was seen in 16%.
Further studies of variation of histologic patterns of NAFLD verified the general trend of a minority of children having the adult (zone 3) pattern of NASH with most biopsy findings placed in the overlap category (51% and 82%, respectively) than in the type 2 category. 41, 42 The differences in absolute percentages may be due to differing ethnicity of the cohorts studied that is, Whites versus predominantly Asian and Hispanic.
The NASH CRN has prospectively categorized this distinctive pattern of pediatric liver disease as the "zone 1" pattern, to differentiate from the more classic zone 3 centered injury pattern of adult NASH. The National Institutes of Diabetes, Digestive and Kidney Diseases NASH CRN prospective study of 177 children, between the age of 6 and 17 years, found a predominance of adult NASH pattern (31%) with zone 1 pattern being represented in 28% of the cases. Older children (adolescents) and boys comprised the majority of the patients (77%) in line with previous published studies. Children with the zone 1 pattern tended to be younger and less insulin resistant than those with typical adult-type steatohepatitis. 43 From the above, it is evident that spectrum of NAFLD histology differs in childhood. Although the classic, zone 3 NASH pattern is characterized by the presence of steatosis with ballooning degeneration and/or perisinusoidal fibrosis in absence of portal features, the distinctive zone 1 pattern seen in children is defined by the presence of zone 1 to panacinar steatosis along with portal inflammation and/or portal fibrosis in the absence of ballooning degeneration and perisinusoidal fibrosis (Table 1) .
Whether these differences in liver histopathology between pediatric and adult NAFLD are due to differences in pathogenesis or represent two phenotypes in children that ultimately evolve into a typical adult pattern of NAFLD/NASH over time remains unclear. The observation of classic NASH in older children who are probably undergoing pubertal hormonal changes adds emphasis to the proposed role of insulin resistance in NASH. 44 In summary, the zone 1 pattern and the more typical zone 3 pattern of NASH are both seen in pediatric NAFLD and are associated with different clinical, demographic, and possibly pathophysiologic features. Children with the zone 1 pattern tended to be younger, male and more obese than those with classic NASH. Children of Asian or Native American race and those of Hispanic ethnicity may be more at risk for the zone 1 pattern. These factors may have implications for understanding the genetics, natural history, or response to treatment in pediatric NAFLD. It is not known whether the zone 1 pattern evolves into more typical NASH, as the children grow older.
HISTOLOGIC SCORING SYSTEM
Similar to the chronic hepatitis scoring systems, the existing NAFLD scoring systems are more useful for research than diagnosis. The first system for histologic grading of NASH was proposed based upon biopsies from adult patients. 45 This system for semiquantitative type of evaluation was based on the idea that the histologic diagnosis of NASH relies on a constellation of features rather than on any one feature. Such an approach was recently refined in the NIDDK NASH CRN study 40 to provide a semiquantitative feature-based scoring system for NAFLD for both pediatric and adult populations. In this scoring system, histologic features are grouped into 5 categories: steatosis, inflammation, hepatocellular injury, fibrosis, and miscellaneous features. This method was derived by a group after multiple blinded readings of the study set and has been validated as such. More important, it has been demonstrated that agreement between pathologists in adult cases show reasonable concordance with the main categories of pathologic features, including steatosis, fibrosis, and ballooning injury with weighted k values over 0.5. Since its publication, the NASH CRN system has been used effectively to monitor histologic changes in many studies, including the NASH CRN's Pioglitazone or Vitamin E for NASH study (PIVENS) trial. 18 The scoring system is composed of 14 histologic features; 4 of the key features are evaluated semiquantitatively including steatosis (0 to 3), lobular inflammation (0 to 2), hepatocellular ballooning (0 to 2), and fibrosis (0 to 4). As with viral chronic hepatitis, fibrosis is separately assessed using a 5-stage scale ranging from no fibrosis to cirrhosis that pays particular attention to the evaluation of the intensity of perisinusoidal fibrosis. Stage 1 is subdivided into 3 substages to differentiate between delicate perisinusoidal zone 3 fibrosis (stage 1a), dense perisinusoidal zone 3 fibrosis (stage 1b), and portal fibrosis only (stage 1c). Stage 1c is seen mostly in severely obese patients and in pediatric NASH.
Beginning with new patient enrollment into the NASH CRN, portal inflammation was also graded on a scale from 0 to 2. 26 The other 8 features: microvesicular steatosis, acidophil bodies, microgranulomas, lipogranulomas, pigmented macrophages, megamitochondria, Mallory hyaline, and glycogenated nuclei are qualitatively assessed as present or absent. The entire system is used to assess histology in patient biopsies in the NASH CRN, but disease activity is assessed as a sum of 3 components into a NAS.
The NAS is defined as the unweighted sum of the scores for steatosis (0 to 3), lobular inflammation (0 to 3), and ballooning (0 to 2). Although the authors emphasized that the score should not be used to derive the diagnosis of NASH, because of its design, higher scores do correlate with a higher frequency of diagnosing NASH. Unfortunately some publications have considered the NAS of Z5 to be synonymous with the diagnosis of NASH. A recent study by the NASH CRN evaluated the NAS against the histopathologic diagnosis of NASH and found that not all biopsies with NAS of Z5 have findings that meet diagnostic criteria of steatohepatitis and that many cases where NAS r4 did. The authors reemphasized that, although a diagnosis of definite NASH is more likely to be made at higher scores, the score should not used to decide whether or not a biopsy shows NASH. In addition, they advise that the exercise of diagnosis and scoring while leading to interrelated results, serve distinct, separate, and important purposes. 46 One important parameter in the scoring of liver biopsies for diagnostic and research purposes is the length of the biopsy, which needs to be at least 16 mm 47 and have a diameter of 1.2 to 1.8 mm. This can be estimated based on the presence of at least 10 portal tracts of reasonable size, which are not transected by a very narrow needle precluding their near complete visualization.
In conclusion, the diagnosis of NAFLD relies on the patterns of lesions within the hepatic parenchyma and a simple listing or scoring of lesions is not considered adequate for diagnosis (Brunt et al 46 ). In other words, NAS is not intended to be used as a diagnostic tool, but rather to provide a uniform tool for assessing disease severity and ideally in clinical trials such as natural history studies and studies assessing treatment response. Aly and Kleiner Adv Anat Pathol Volume 18, Number 4, July 2011
SUMMARY
The worldwide rise of obesity is reflected in the increased prevalence of NAFLD making more likely for a pathologist to see these changes in liver biopsies. The histologic pattern of NAFLD in adults is distinct; however, children with NAFLD have a significant range of histologic patterns, which makes the diagnosis more challenging. Similarly, the morphologic pathogenesis of NAFLD is better understood in adults than in children. Specifically, there are no natural history studies showing the evolution of the zone 1 pattern in children, whether it evolves to the adult pattern with increasing age and what processes are involved in progression to cirrhosis. The NAS scoring system is the cornerstone of studies in NAFLD but cannot be used in diagnosis of NAFLD. The ongoing NASH CRN study is expected to continue to yield significant histologic, genetic, biochemical, and radiologic parameters involved in development, progression, regression/resolution, and treatment of NAFLD in adults and children.
